Abstract. The biopolymers and membranes constitute the basic structures of the biological systems in mesoscopic level. Due to flexibility combined with low dimensionality in their primary structures, they tend to be susceptible to thermal fluctuation and thus undergo conformational transitions relevant to biological functions. In this vein, I will review our recent studies of conformational transitions and instabilities in the interacting systems of a polymer and a membrane, including a semiflexible polymer on a surface, a model membrane-bound protein conformations, membrane budding and encapsulation by an adsorbed polymer, and soft mode instability of membranes. The central themes of the paper are soft matter flexibility and connectivity that can give rise to a variety of conformational change and cooperativity. The biological systems in cellular level are mainly composed of biopolymers such as DNA, RNA and proteins, and membranes [1] . On a mesoscopic length scale, the polymers and membranes represent the one and two dimensional soft matter in their primary structures. Due to their low dimensionality and flexibility, thermal fluctuation plays important roles in affecting their conformations. The conformational transitions and the shape changes arising from the polymer-membrane interaction are relevant to various biological functions in cells.
In this paper, I present the various aspects of polymer-membrane interactions induced by their flexibility and connectivity, which we recently have investigated. Beyond the well-established results of the binding and unbinding between an ideally flexible chain and attractive rigid surface [2] , we consider I) the effect of chain persistence within the semiflexible chain theory we developed, the Greens' function and scaling theories. Turning attentions to the membrane degrees of freedom, we consider II) the effect of membrane permeability, the chain inclusion in a-helix in particular, which is found to dramatically enhance the binding with relevance to membrane-protein integration. Considering the membrane flexibility, we discuss III) the membrane bending induced by polymer adsorption, leading to budding and encapsulation depending upon the membrane and chain flexibility. IV) Finally we investigate the membrane bending instability induced by strong adsorption of flexible polymer on a fluctuating, planar membrane.
I SEMIFLEXIBLE CHAIN NEAR ATTRACTING SURFACE
The finite chain stiffness endows polymers with a number of novel behaviours involving length scales shorter than the persistence length. Recently we have investigated the binding and unbinding phenomena of long, semiflexible polymers near a flat surface, for a wide range of the persistence lengths and temperatures compared with the range and depth of the surface attraction potential [3] [4] [5] .
We consider the wormlike chain model of N segments where the intersegmental interaction (such as the excluded volume) other than incorporated in chain connectivity. The potential interaction from the flat surface is characterized by the attraction range a and depth £7; we consider the hard-square well potential where the interaction energy per segment at a distance z vertical to the surface is U(z) = oo for z < 0, U(z) = -U for 0 < z < a, and U(z) = 0 for z > a.
An analytical approach to the problem is via the Greens' function G N (q Q ,q N ) of a polymer chain, which is the probability density of finding the end segment at QN given the initial segment at q$. While for a fully flexible chain the generalized coordinate q includes the three dimensional position r only, for a semiflexible chain it includes in addition two dimensional orientation u of the segments. The Greens' function gives informations on the chain conformations and thermodynamics.
We developed a perturbation scheme within the Greens' functions approach taking the persistence length / as a small parameter compared with the characteristic length f of segmental density variation [4] . In the zeroth order, the scheme recovers the standard Edwards equation which reads [6] G N (T,I 0 ) = £G N (T,T 0 )
where (2) is the Schrodinger-like operator indicative of free energy per segment and 1 K -21 is the Kuhn length. By devising an interpolation scheme that incorporates infinitely high orders in the perturbation theory, we obtained the informations on the phases, their transitions and various quantities that detail the chain distribution including orientation-order parameters in the adsorbed states. As the formulation is quite involved, we mention here briefly the phase behaviors that result from the chain stiffness, which is summarized in Fig. 1 .
For a flexible chain with very small values of //a, the desorption to adsorption (with isotropic chain configuration) (D-IA) transition behaviors approach to those described by the Edwards equation. As temperature gets lower, there appears a number of significant deviations. First the critical temperature of D-IA transition increases as the chain persistence length / increases, implying that the stiffer chain adsorbs more readily in agreement with simulations [7] . The adsorbed state degenerates into nematic (oriented) weakly and strongly adsorbed (NWA, NSA) phases in addition to isotropic adsorbed phase depending upon the chain persistence. The transitions from desorption to NWA and to NSA are the second order and the first order respectively. On the other hand, the transitions NSA-^NWA, NWA-»IA are all the first order.
The phase diagram is in agreement with the scaling theory we developed [3] , which give a more straightforward physical picture in terms of the free energy. The free energy change of adsorption can be written as AF NT
The first term (involving [ ]) is the contribution from the segments bound within the attraction range, which is proportional to the ratio of bound segments N^ to
TV is
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The £ is the correlation length characteristic of segmental density changes. The last term represents the reduction of entropy due to confining the polymer to the length £. The nematic case (N) refers to the oriented phase where the segments near the attracting surface are aligned along the surface and thus does not have the scaling behaviors for the entropies involving the length /. For example we consider the case of weakly adsorbed case where £ > a, (5) where e is the quantity in the bracket [] in Eq. (3). When the c is negative, the minimum of the free energy is obtained when the £ -1 , the order parameter is zero. This corresponds to the desorbed state. When the e is positive, the free energy minimum is obtained for a finite value of £ corresponding to an adsorbed state. The critical condition of desorption-adsorption transition is c = 0, which can be written as,
Also it can be shown that the free energy minimum is ~ -(T -T c ) 2 , indicating that the transition is the second order. These features are indeed observed in the phase diagram of Fig. 1 . Extending the scaling theory to other cases, we can also characterize the phases and their transitions in agreement with Fig. 1 .
II MODEL MEMBRANE-PROTEIN CONFORMATION
A very important aspect of polymer interaction with membrane lies in the possibility of polymer integration within the membrane. Membrane(-bound) proteins regulate signal transduction and ionic or macromolecular transport across biomembranes, often by forming channels and pores. Because of their unique roles in biological functions, their conformations and folding pathways are important issues in biological physics no less than the corresponding aspects of globular protein folding. Unlike those of globular proteins, the three dimensional structures of membrane proteins are largely unknown except that a-helix structure is predominant within the membranes.
We recently studied some aspects of the problem using a homopolymer model which neglects sequential heterogeneity [8] . As the relevant conformational degree of freedom of proteins outside the membrane, we considered tail, loop, and returning loop, all constructed from random walks. For the polymer interacting with membrane, we have considered surface-adsorbed trains and a-helix formation and aggregation. For this five different conformational domains, the grand partition functions are constructed. As a tail of k segment, a random walk in half space with an anchor on surface, has the weight ~ A;" 1 / 2 , it has the grand partition function An Qf-helix column has a fixed number n of hydrogen bond with the bond energy and aggregation energy e a , with a partition function given by
where ZM is the fugacity per segment within the membrane. On the membrane surface polymer segments are allowed to be adsorbed with the statistical weight for k segments ~ exp(-j3kU),
Then the total partition function can be obtained considering every possible conformational made of all the domains,
Taking the thermodynamic limit TV -» oo, we find using the transfer matrix technique,
and T c is the critical temperature determined by \(z = 1,T -T c ) = 1. From the partition function not only the free energy but also the order parameters, i.e. the segmental fractions (15) where i = S, R, L and H are obtained.
The phase behaviors that result can be summarized by Fig. 2 . As shown in the figure, the two temperature T c and T&, identified as desorption-adsorption temperature and Qf-helix inclusion temperature governs the pathways of our model homopolymer integration into membranes. The e* = e^ -£//, where dp, = T\U(ZM/Z) is the chemical potential difference, is a measure of membrane permeability due to membrane hydrophobicity. As e* is lowered, i.e. membrane permeability is increased, the Th approaches T c , so that for the value of e* below a critical value, the helix inclusion, which otherwise is a crossover, is promoted to the second order
Phase diagram of our model membrane protein as a function of temperature and membrane hydrophobicity. Solid line corresponds to the second order transition, while the dotted line corresponds to the crossover between adsorption and a-helix inclusion. U and e* h are respectively the segmental adsorption and helix inclusion energies [8] . When e* h is smaller than a critical value, the transition temperatures T c and Th converge, and the a-helix inclusion is promoted to the second order transition.
transition with T h = T c . Not only T h but also T c are enhanced, i.e. the a-helix formation and adsorption are synergetically fascilitated below the critical condition. This is due to the cooperativity of the two integration processes, adsorption and «-helix formation/aggregation, which arises from the chain connectivity. It is worth noting the similarity to protein folding in solutions. The T c and Th are, respectively, similar to coil-to-globule transition temperature TO and folding transition temperature 7/ in globular protein folding; like the globular phase, the adsorbed phase is indeed an intermediate state approaching the native folded structure [9] . Recently, Klimov and Thirumalai showed an evidence that globular protein folding time is scaled as r ~ exp(J|T0 -T/|/70), where J is a model-dependent constant [10] . Indeed the phase diagram Fig. 2 implies the possibility of membrane protein folding fascilitated by the surface adsorption.
Ill MEMBRANE BENDING INDUCED BY POLYMER ADSORPTION
In biological membranes, the lipid bilayers are associated with a various kind of polymer structures, such as integral proteins, intracellular-side cytoskeletons, and extracellular-side glycoalix. Due to polymer fluctuations and membrane flexibility, polymer-membrane interaction drastically affect the conformation one another. Recently, giant vesicles subject to ampiphilic polymer solution have been observed to undergo expanded-collapsed transition, leading to pronounced budding of thin walled vesicles [12] .
We have considered the case of homopolymer adsorption developing the grand canonical ensemble approach to investigate the roles of various chain conformation [11] . Suppose that a flexible polymer is absorbed on the area A of one side of planar membrane. Due to the asymmetry, the membrane attains a spontaneous curvature. For analytical simplicity we assume that the polymer-curved area takes a form of spherical bud specified by a radius R and angular boundary # c , as shown in Fig. 3 . We further assume that the polymer-covered area A does not change throughout the deformation. We consider the large curvature deformation approaching 6 C & TT.
Considering all the possible conformations consisting of random walks outside the surface, i.e., the tail and loop, and the train of chain within the interaction range, we could calculate total grand partition function as in the preceding problem [8] .
From the free energy in the adsorbed state, the induced spontaneous membrane curvature is found to be [11] 1/2 (16) where N L is the number of loops and K is the bending rigidity. The N L should satisfy (17) for a budding (0 C > TT) to occur.
The driving force for such membrane deformation is the polymer loop entropy which enhances for positive membrane curvature. Also the number of loops, although insensitive to the curvature, changes as a function of temperature shown in Fig. 4 . It is clearly shown that the budding is feasible only within the temperature range where the polymer is weakly adsorbed with loop conformation dominant over the surface-adsorbed conformation.
The scaling theory Eq. (3) used in the problem I can be applied to case of the polymer near a spherical surface of curvature M. Not only the bending direction A B C for the small curvature but also semiflexible adsorption effects can be studied in simple manner, as detailed in a separate paper in this proceeding. The curvature effect comes in two ways, one via the modification of 7V&/7V by
The other is via the modification of £ f _> f (i + M £).
Incorporating this consideration, we indeed find that the flexible polymer adsorption induces the protrusion (M > 0). This is opposite to the result of Lipowsky et al [13] , where the curvature effect Eq. (19) in considering the free energy of confinement was overlooked. For the nematic weakly adsorption, the same trend (protrusion with M > 0) is also found. However, for the nematic strongly adsorbed case, the membrane curves toward the polymer (M < 0), leading to membrane encapsulation by the polymer, because the enhanced surface attraction dominates the loop entropy.
IV THE EFFECTS OF FLUCTUATIONS ON POLYMER-MEMBRANE INTERACTION
The thermal fluctuations of a polymer and a membrane, which can be large due to their low dimensionality, play significant roles in renormalizing their interactions and elastic properties. One consequence resulting from the polymer flexibility and fluctuation is the binding-unbinding transition we have studied. The membrane or the elastic surface, if flexible enough, can undergo thermal fluctuations (undulations), and thus not only affects the transition but also is itself affected by the polymer fluctuation.
We consider a flexible polymer and a planar membrane with undulation. Our "membrane", characterized by two elastic properties, the surface tension (a) and the bending rigidity (AC), encompasses various situations ranging from fluid membrane (a -0) to elastic surface (AC = 0). The Hamiltonian of the membrane of size L in the harmonic approximation is given by
Here h(x) is the undulation height above the reference flat surface described by two dimensional coordinate x. The ft(q) is its Fourier transform and the M 0 (q) is the dispersion relation ^4.
This form of dispersion gives rise to the long range decay of the height correlation function, which is the inverse-Fourier transform of -
Now let us ask how the dispersion and the correlation of membrane is modified by a polymer adsorbing on both sides of the membrane. First, we study the polymer in the presence of fluctuating surface using the Edwards' equation (Eq 1). We assume the Born Oppenheimer approximation according to which the polymer conforms to relatively slowly fluctuating membrane along with the ground state (m) dominance approximation G^(r,r 0 ) = £e-" €^( r)^(r 0 ) « c-^Vm(r)^m(r 0 ), 
In order to calculate the ground state energy we invoke a variational method using a trial function [14] where <f) m (z) is the eigenfunction for the flat surface. As the result of calculation it is shown that the effect of undulation on the free energy is two folds. One is the increase of steric barrier and attraction due to the surface area increase. In addition, the surface undulation modulates the attraction in such a manner that for a temperature far below the critical temperature T c the attraction dominates to yield a large negative free energy and this trend is enhanced as the undulation increases [15] .
One consequence of the above results is that the polymer is renormalized by the membrane fluctuation; the fluctuation induced repulsion is enhanced and T c is reduced, in membranes with any type of short-range polymer-membrane interaction.
Another aspect is that the free energy change of the adsorbed chain due to undulation can renormalize the membrane properties. The effective Hamiltonian now can be written as
Using as the model interaction characterized by the depth U and the range a like the square well or the screened Coulomb interaction, we obtain the dispersion shown in the Fig. 5 .
It shows that as the adsorption gets stronger as shown by Fig. 5(B) , the polymer contribution to bending rigidity, which is order of f/a 2 , can be negative to make the total effective (renormalized) bending rigidity K tend to be negative. At a critical condition representative of C of Fig. 5 , there emerges a nonvanishing wave vector of the magnitude q = q s ~ a~l at which M(q) vanishes and (|/i(q)| 2 ) diverges. The emergence of this soft mode suggests that the surface gets unstable provided that the surface tension a is lower than a critical value a c ~ T c /a 2 . The correlation function then shows quasi-long range oscillatory behavior with a large amplitude undulation and a finite wave length ~ a. This novel instability phenomena will be relevant to many biological situations and applications where polymer-membrane interaction plays important roles, e.g., polymer penetration into membranes. The harmonic approximation is valid strictly for small undulations, nevertheless we argue that it explains an onset to instability described above. Consider a polymer strongly adsorbed with most segments preferentially located within the valleys of the undulating surface, beyond the approximation. The narrower are the valleys, the more attraction the segments will have, due to closer proximity to the surface, and the flexible surface will have to be unstable to the larger bending. The range of attraction a will then largely determine the curvature of the bending, hence, the wave length of the undulation, in qualitative accordance with our analytical prediction. It remains to be investigated how the polymer-induced soft mode instability is modified by the features such as polymer stiffness and excluded volume effect, membrane spontaneous curvatures, and the interactions resulting in polymer l q=1.57a' 
v CONCLUSION
We have discussed the various aspects of polymer-membrane interaction induced by soft matter flexibility and connectivity. The binding-unbinding transition is the consequence of the flexible degrees of freedom unique to soft matter. When the polymer flexibility is characterized by a persistence length, the adsorbed state degenerates into the isotropic and ordered (nematic) adsorbed states. When the membrane degrees of freedom is taken into account, there arise a variety of conformational cooperativity and flexibility. As we have shown, for the permeable membrane the polymer integration when accompanied by adsorption, is fascilitated due to chain connectivity. For flexible membranes we have found that the membranes undergo shape change due to fluctuation of the adsorbed polymers, the most dramatic one being the soft mode instability.
